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Abstract T!t&: Pu&ax* yitr^»und fma$fog 



A method of u & M itrsag ing exploits ifts t act 
that: shod: ultrasound bursts with a frequency 
fhy&h hkjter than & bubble resensnse frsqueri&y 
■ftV* c&h excite the &ufeb& to msod&ts at 1, If the 
hurst te r^pested at: a frequency equal or dose 
to V Thus< ultrasound contrast agent having a 
natursi resonance f requsney off. is d^pby&d 
within s £a?^<2: :.pb|j£?cL ih® ta?g=sJ object is 
i?r3£&&t&d wttft u ; ttmaou ; nd.exoit^o>> sk^na* 
hsvimq 3 asanas fraquencv much hiqher than f 
and oompfte^g a sede^ oi bursts at a pulse 
repetlUon frequency suffhien^y ctass fc f f - to 
effect r&SiOtf^ot behaviour in t he oontr ast ^geni 

jndta^fjva of tho resonant bahsV^oi :t. 
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Attest drawso^- <?f tik^.w^ ^fom^i and tho pmt mpfo&i&&s$ h^i© ^ t&k&n fi^m «3 S^t^ ^k-d t^jt^aJ -co^y. 

Thfe ptHmi .»coc?$iyit.'<^ VfcpfeefcrSeBt cic^w^^f^ subrnsts^l «|ie-r-ih# ^kji« of ^ih^'to'«^bt« : 'the^^^fob^n k> mmpfy Mih-ih® 
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M =T *vF RFPFtlTION R 4 IT FXC1T 4TION OF CONTRAST MATERIAL 

Tbe proses mvmimn rel ates- to iiltmsouod delect S ob and imaging, techniques md 
m pmmxim %> methods for istiprovmg the ^ff^ti\?ei5esS of contrast agents such as 

In a liquid setter iUtrasMiM most rficient% -when ihz 
traiisnhssion frequency of the exchahoo transducer & approx.hr; aid y equal to the 
damped omMmon fteqoeoey of fhe lobbies. This property h mmcmm^lfy 
W exploited m e\g medical ^lagndstic ultrasound, vvhsro ultrasound contrast agents 
enka^ee the ujt^souml haefcscaiier from the regions wire these- bubbles are 
located Typical ly, .the hubbies may consist of small (I - 4 miemn diameter) p& ■ * 

hubbies stahii3X# ^ .an .apurpo .or phosphtoIii>ids. .-sheJl- Tfce backscattensd 
altrasoimd sW is collected and, alter processing the raw data mto aa image, the 

* * * 

15 areas with enhanced haokscatter are emphasised, thus facilitating, e.g. bk>od pool 

* 

meastrcinejits and blood vessel .detection, 

Furthermore, resonant behaviour (in which acoustic energy is locally stored and 
released wktr delay by acoustical radiation) Is absent m tissue, but present in 
20 bubbly res#tmg in a selection mechanism for enl*aiK?ed : t>ubb&, detection, 
resulting in a high coMraahto-tissue ratio, C7R 

Borne -medics*! applications, like intravascular ultrasound (IVU8) or micro emboli 
detectkm in the $%mm hmm ®W limited to frequencies much higher than the 

25 resonance frequencies ■;££) .of the bubbles to be deieeted. This ihrsitaticm results in a 
r)oor baekseatter of the ultrasound burst by the Mihbles, decreasing the Clli The 
reliance xre^uency of a gaseona hublM % ptopmkynM to the reciprocal of the 
r&dim of the hubhie, so decreasing the average radius of bubbles in a contrast agent: 
mmU overoomc this broimtion. However in practice, smaller 'babbles have the 

M db&dwntage of educed baekscaricr efficiency, because the baefcseatter efficiency 
of a rcsonanf bubble decreases as a fbnetion of the squared radios. Decreasing the 
transmit fteouencv to the resonance fiequeney of the bubbles generally leads to 



lower .mip& vm<6lxmon b^mxm ihe te^mmAmmm mv^mgth Mpm^s m the 
T^clprocal of the frequency . 

It k thzfcftm m W 'the invention k> overcome or -.mitipte the pmbtes 

5 msommM with the desire to use iritrasound excitation fr&que^aos signiticantly 
hkher than the restraar^; ffcoueriey M thx. bobbte&- 

k fee prior $rt WO 11 5999- describes bubbk imaging systems &sft rely on nop* 
linear bd^wiqur of bubbles to receive liUra^utid: signal s at other than ife e transmit 
W (excitation) fteoMenoks, suc^ as sub4iarmonks and / or super ham^onk^ radlaied 
by bubbles m tmp&mz to excitation signals , 

■ 

* 

C>Y Wtt and X Tsap-:. **The ulte&hjlc weak short-pulse responses &f imiswhvhhlm *.] % 

based cm a iwo-fe^quency approximation", Journal of the Acoustical Society of 

* * * 

15 America, 2003, .114(5), pp 2662-267! described a system in which non-linear * ( 
behaviour of bubbles has been exploited by a duabfe«}ueney approach, m which 
the beat frequency of two carrier waves {-which is very much loss thai! ihc transmit 
frequencies) is re-radmted by a popaiahon of hubbies and detected. T feat paper 
explicitly mentions thai sub-harmonic or second harmonic responses are not 

20 responsible for the observed pbeooroena, 

US 5133615 seeks to overcome the problem of small- bubbles wtee natural 
msonant frequency Is not at the rnsonitymg frequeney by tmn^c^tly i^i^a^ng the 
size of the bubbles with exeiiation pukes fern m exck&bon izm%3mm $o that 
25 immh & pul ses from a second transducer are more effective , 

describes a babble recognition imaging system in which bubbles at e 
irradiated by sequential single cycle pulses having a phase shsHE of I BO degrees, 
lite Interval between the tvvo poises is large enough id avoid influence of ifee lust 
30 pulse on the radial response of the bobble to die second pulse. Doe to the bubble 
nature, the babble response will be differed to the first and second {inverted} 
pulse. This difference can be processed to mrm an image in which regions with 
bubbles present enhanced. 



According to mn aspect, the preset)! mv^)lioB provides a ^ifKHl ox uitragoenjl 
imaging, comprising the steps of: 

dt^loymg uMi^sound contrast agent having a w! resonate ireqiHmcy 

5 of/ within a target objecu 

bradiahne the Israel obieet with an ultrasound ^pitatkm .; signal having b 
sijmat centre Irfeqae^cv miich M^mr thm Xmd comprising, a : ssrtess of byrsls at a 
pulse repetition frequt-ncy sufficieatly close lo fi to eilem resonam behaviour in the 
contrast assent; and 

10 obtaining a response from the contrast agent indicative of the resonant 

befeaviour. 

According to another aspect., tbs present invention provides /apparatus for making 
ultrasound measammer)!s on a target object comprising: 
iS one or more transducers ibr transmitting ultrasound signals into, and; 

reeeivmg corresponding response signals from, the target object; 

a signal generator adapted m (i) generate m. excitation signal having a 
centre fejuency jl and comprising a series of bursts at a pulse repotidoB frequencv 
much less than S to initiate resonam behaviour in an ultrasound contrast 
in the target object, and (n) generate an imaging signal adapted fnr the 
detection of resonance in the contrast agent at or near the frequency f tWel m& 

a receiver for delecting the existence of resonance in the contrast agent at or 
near the frequency FRIv 

2S Ifek)dimenis of the present invention will now be described by way of example 
and with reference to the mm^ in which; 

Yimm \Ui) Is. a schematic diagram of an. ultrasound apparatus for excitation 

of contrast agent: 

Figure Kb) is a schematic diagram of a measurement system for veriMng 

30 the effects described herein; 

Figure 2 is a series of graphs showing the diameter of hubbies as a function 
of ihm when imidiated fey an exeuahan beam having three bursts at varying pulse 
repeution frequencies at or close m the resbnauee freqneney of the bufchfes; 
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Fimm 3 Is -a series of i>m*s .$h:oWitsg -the frequency spectra of the btmhk 




The rawpttan exploits th$ fka that -short ultrasound bursty with a fr^mm tnucfr 
higher ihm a bubble ?f sobafipe frequency (/>) can excite the bublsls to respnaie aiS 
rf the burst m repeated at a freqoe^c)- squal or dose to In an experhoeatal 
10 example, jt has beer, sbown that by repeatedly iraMmkirag high frequency (7 
Mifei bursts at a Disl.se rebihltion frequency (PEFJ approsrMmeiy equal to the 

v* . . . J ■ . . •> * 

bubble rearnmnea Ireuuerscy. a 7.8 micron diameter bubble shows increasing rmM > * > * > 

mcmmm after subseq^U bumts, This radial motion was captured by a fast- .*:**»,; 

faming B:raatfar&42& c^ners: system, operaing at abnat IS mega frames per 

J 5 second (Mlp*). , , , 

Aii ultrasound generation system suuablfi the invemkm is shown * > 

h figure 1(a) and a m e&suremeni sysfeni is shown fo figure 1 (h). * * * * 

20 With reference to figure 1, a contrast agmt ga* bubble I k shown schematically 
contained w^^ e.g. water, in a ' vessel & The vessel 3 may, of 

course, represent any suitable targci object on which UltrasoDnd measurement may 
be made, such as the toman body. An ultrasound transducer 4 provides m 
excitation beam tnr irradiatrng the target object 3 and may also pmvi4e means for 

25 reoeh'mg response signals therelrcmi. it will b£ understood that separate 
tnm$duve:i^ could be umd: lor ekdUit i oa and response si gn als , the transducer 4 is 
driven by a signal generator cambisms Walter generator 6 under control of a 
poise rate controller 7, The signal ganeraior output is fed to the xMrmomd 
transducer 4 via amplifier 5. 

For imaging and aoalysrs, the received signals from traasducer 4 are passed to a 
recarver and analy sis module 8/ «)e mncb ons of wfelc k will be described w gremm 



4 



detail later, "the receiver and analy^fe module 8 gmmxity tmy comprise smt&ble 
amplifiers, filtea and dig Hal signal j^essitjjg gystfcms.. 

With reference to figure If'bh m ^etrnxmiil apparatus Ibr <te^mm«ipg • the 
5 behaviour of the gas Bubbles is now described. The observed gaa bubbles were 
tafceo Irani m : uhrasoumi contrast ageM and were stabilized by a phospholipids 
xao^da^r . sbfcii as feetibed in « Gome w ah "feflumce of Bubble Size 
Disirihubon on the Echogemdty of Ultrasound Contrast Agents - A Stodv of 
SonoVur; 200Df iBvestigaOve Radiology 35(11); 661 - Mi. The bubbles were 
10 reconstituted into eranlcdon with salme 4 to 1 2 days before the experiments. 

The mk was I^eemd hiio a capillary fibre 10 ^pmpbari, Akm.&®h$k Fum AQ y 
Gmxmm) with m outer diameter of 200 microns and a wall thickness of 23 
microns," the fibre being housed in a suitable vessef 11 containing water 12, The 

15 fibre was optically and acoustically transparent. The fibre was positioned m the 
optical "'jfecus af a microscope 13 end camera system 14, The camera system 14, 
so-called Braoda:ris4 28, consists of an array of X 28 CCD cameras thai acquire the 
image produced by the Olympus optica! microscope 13. A fast -rotating mirror In 
the body of the camera sysiem 14 sweeps the image over the subsequent CCD 

W. cameras, thus allowing for a very hi§h frame rate of between 2 and 25 Mips. A 1 
cm diameter optical fibre toads the light of a xenon flash lamp 15 FX- ) 1 63 

Perkin- Elmer Qptoetectmoics, Salem, MAy close to the S>eal pohu> The camera 
hardware and mirror turbine k controlled by a computer system 1 6. which also 
control data acquisition and storage. Ah implementation of a eireumference- 

25 tracking algorithm returns an e^dmate of the bubble radial motion as a ibnctiou of 
ume ifo?u the subsequerjt Images captured fey the CCD cameras. 

In accordance with the genera! arraBgement already described m cotinectiou wilb 
hgure It&f an ultrasound Mvst was programmed mi® a Tabor arbitrary waveform 
30 generator 17 (Tabor Tel Hmm i^e)}, which output was attenuated hy a 

preclsioo atteouatnr 1 8 (Agilent 3SSR Palo Alto, CA ) and amplified by a linear 
power amplifier 19 (EN1 AoOQRPy The transmit pulse was converted Into 
ultrasound by a 1 0 Mllz wideband single dement Ifeoused transducer 20 



(Fmm^m^Ml* QiympmMrr, WM\mh MA'K which was ul t|Md to haw Its 
feeus -m the <>pik:aJ focus of the earners system, Pressures were measured to the 
bdspendeTst wutet t*ts3& II upag a calibrated needle hydrophone (200 micros 
dimeter ihmmx\ Acoustics Lul v Dorchester. Dorset UK* which signal was 
captured by a fektromx (TPS Beavertmu Otegoft*. USA) -digital 

oscilloscope at 5 x j'-0* sanrples per second {tic>t sho^}. 



ExperimmtMi results 

A IS micnm diameter bubble was irradiated by m excitation signal having a 

& sknal centre frequency of 7 MHz m& comprising bursts, each af two cycles 

■ ■ ■ ♦ *■ . . . 

duration, wMch hirsts, were repeated three times at a pulse repetition frequency 
ransum from O MHz to \M UBz 'm steps of 0.1 MHz for m&p&tirvz exposures. 
The radial motion of the bubble and .lis Fourier itansfomi for each of the exposures 
are shown m figures .2 and 3. 



IS 

The Qm ultrasound burst arrives at 0.1 microseconds. The graphs skm thai the 
feU^blr:.©S¥Cifti»sS; vvxiM the excitation bwrsts, shewn ps ngare * at peaks *ii :> ee,. ax 
whteh oscillations continue after the three ex:£;liatipo pul:$e& decaying; over at, least 
two cedes (peaks 2% 25} hr at least the exposures corresponding to 13 MHz to 1 .6 
#0 MBz (first lour craohs f This rcsonam behaviour Is almost absent at the ! .7 MHz 

*■■ ..... ^ .. . j,^, . .... 

aii 1 j MM* pulse repetitbu ftequetiey exposums. 
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around the pulse repent; on irequenev is largest for a FRF of IS MBz. 



The trapsmlssioa pressure: burst for the 1.4 MH?. pam xepetitfon frequenev 
excitation steaal and its frequency components arc depicted in figure 4 as captured 
hv the hvdronhone in the focus of the transducer. Each, of the bursts comprises two 
30 cycles and the bursts are separated by approximately 0/7 i microseconds according 
la the xepeurkm frequency of 1.4 MHz. ^;^u«:rtEav spmtrum wus co^eaed for 
the hvdroobon^ senshi virv, I tere> h is clear that the power iranSmitted at 1 A MMm 
h -30 <iB tower thm at the e>iekabo^% or 7 MHz, 



2$ 



The inx^mion uses ifae finding thai bubble 'cm- be put mto t^Sonarice using 
fimrueneies other than ijw bi\bhl$ mmrimm itvqnmcf. It h achieved by 
imtSmw of bubbles x^itfe ufeaknmd bnrsuh&i is repeated at a puke repetition 
ffesi*e**cv- smnroxim&tef :y : mm$ to the resonance treqncrjeA of f&e bubbles. 

This rewnancs effcet wfeieh is ®h$mt. m tissue, may be used &>r enhance 
feedplnatlon between nncto bubbles and 'tissue, A n^rnfecr of techniques be 
used 10 exploit this principle iw imaging, M a genera! sspmL mm resonant 
behavioar has » induced in the oom^i agem, any imagj^ strategy may he 
used which obtains a response; from the contrast ag^ni thai h indicative of the 
rcsonarri b^wmm* This will distinguish over the notveomrast agent (e.g. tissue) 
m the target wMoh will not have corresponding resonant* behaviour induced, 
therein, 

}<? 

A firsi exemplary Imaging strategy uses a radial modulation approach, in which the 
bubbles are set fete vibration by the excimtion signals having bursts with puke 
reptitian frequency close to the resonance frequency of the bubbles. 
excitation siunals are then followed by at least: two imaging si pml bursts which, are 
10 used, w detect the: <!ll!erenee hi htd>bSe;behavfour during $i$immtiiive> Preferably, 
the usa^hm sissftal bursts have a jiulse repetition frequency greater tfca» the pulse 
repetition frequency of the cxcii&hun bursts, and tn&m pte&m hly at least double 
the pulse repetition frequency of the excimti on bursts. FrefeHbly, the imaging 
sl&aal bursts havs a signal frequency that is diilerem from the centre iTequeney of 
the exejtatk?B sktsals w that the eKdtation signal bursts can be fi ltered mxt 



la one arransemem. the immmz shpai examines the bubble in both its 
compression phtm and m m expansion pfee< i .e. iM imaging signal bursts tee a 
piss repetition. frequency of about twice jth& of the excitatsdn signal poise 
30 repetition frequency, in another arrangement, the imaging signal examines, the 
echo or response signals received froni the bub in a manner that will exploit 
the decaviiifis tc$mmzz of the buhbk radius aiier the excitation smnai pulses. 

' ' V ' ' ' Vv- . . . . . ...... .... 

With further referent to %ure % peaks 21, 22, 23 m Mbfote. sHameter e^rresp«^ 



* * * 



* * * 



* * 

* * * * 

* * 
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to the three excitall on signal: ptslses ^MIe peaks 24 and 25 &ime$p&m m resonance 
deeav. imadmt stenals reflected from the bubbles during peaks 24 and 2$. will 
exhibit, different responses dm p ^-stiffening of the bubble ailer excitation. Hence, 
the echo rzspmm of the buhbfe- frpm the two miagiBg bursts will show less 
5 comdatpn than any ..echo j^sponse origiB^uing from tissue' m mh^ T\m-rt$^mmt 
purees. 

Therefore, preforablv iim imaging signal burMs are gkt^fad during a period 
immediately followim* the -.sssdMi on dgml feorsts which period is of duration 

y (fcWI, .... ....... 

10 e^TTesponclmg to at; least two «b of excitation signal pabe repetition 
frequency in order to enable .exaniiftation of the two deoaying bubble oscillations 
iolkmdng excitMio.p, The imaging signal bursts may detect a change m the hobble 
diameters tor two soeoe^ive resonance periods during decay of the resonance .*.!'!*!.* 
ih! lowing the excitation barsts, The imaging bums may be generated interspersed 
between the sxd^tbn bn^is. The imaging bursts: may include: an- imaging; burst 
prior to the excitation bursts. In general, the sequence of imaging' bursts can 
partiaily or M\y overlap the sequence of excitation bursts. 



•5 Z 



* * * * * * 
* 

* * * * 



M will be understood .that other excitation strategies may Be used. Each bum may 
comprise 1. or «tpre ewfcs *jf -fee sxdtaijon gbbtre frequency sufficient to prtwMe 
^•:i«piJkse--- : ^; v^|l assist la gyrating resonant befewisisj' m the bobble,, but 
sofficieBtiy Bhon to uiaintain separate bursts. The oynsfesr of cycles in. m 
excitation signal burst need ngt be a whole number, to allow for burs* envelope 
shaping;. Altbouuh the exemplary number of : bursts m sat excitstion seqtisnee: is 

\ . ■ V-" 1 

25 shown as three, more generally two or more bursts may be used provided that the 
ohiech ve of \mxi\m "m measurable resonam behaviour in the bobbles :k achieved. 
T\w interval between hum? (i.e. |/I :? RF C } is sofneieotly short that the iiitw of 
the orst hurst m the bobble radius is still present at the time of tM .radkl respond 
of the bubble to the second pulse. The . excitation Bigml frequency is ■■■mmh higher 

30 than the pulse repetition .fequency, which expression is intended to encompass at 
feast a factor of more than two, preferably a tmtot of at least foor, ami more 
srefoahh' a factor of at le&si six. 
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FrefeaMy, mch group of two or -rat^rje^eitatio^ terns is followed fey a mea&nnng 
\mmi without ^citaiian bursts, Hv order to Mitsts the imaging tests and 
reviving of re$*mae mgnnli ihzrcfram. TWembfvv the mm$ntm% interval is 
tester than the interval between the excitation bums m a single, series of 
excitation bursts (hs, greater than the interval detsrmmd by the p^be repetition 
frequency PRF i: ) More p^ferably, the pleasuring interval ss greater than twice the 
n^terva] beiwen exchat-on bursts in a smgk series of excitation .'bursts m order to 
provide an imaging window suftkientiy large to detect at least two resonance 
cycles in the babbies (e.g. peaks 24 25 of figure -2y. 



$ * .^Vc. X- X- 
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A mmm aijkf imaging strategy is baseO on tm* different imaging signals 
being transmitted: a primary imaging signal (:A(tf ) having two short high 
frequency pclses i|M are rransmnted at an interval of t - 1 /PRF* where PEiv is the 
pulse repetition fequeticy of the excitation signal, and a secondary imaging signal 

1 5 f 8£fr) having only one .such 'btipt. The respective received response sxgmh 
(AYii and S ? {t> : ) are processed to form a composite signal C(t) -(t) - W(i) 
'B*{t - x), where t is a time irn^rvarsubstamially equal to a time gap between the 
primary and secondary exeitat i on signals. This si pal Gf i n the ease of 

tissue reflection^ bin nonzero in the case of bubble reflections, as the reflection of 

20 the second sr^mt burst In signal A is diffircoi Irom that of B(i - t). Tim pnad#e 
can. be- m^m seqmnces up tenures cycles, as the ntig down time k about two 
evele periods. 

A sequence of multiple excitation and imaging "bursts may be repealed order to 
form an at a sequence repetition frequency {SRFK The sequence interval 
time is w - I ,/;ERF, Then, AH) is transmitted at i 0; B(t) is traosmxttea at md 
the response CIO - A-{t| - Wit ^ -W&~ ^*h & ^her wotd4 fhes^imd (or 
l&sft- received btirst response to a two-burst (or maitiple-barst) sequence will he 
digeTent from a reeeived response burst in rsingie-bmst sequeocc This difference 
to k ihonghi • 10 be absent in response signals from tissue. Hence, by imaging the 
dit!brenec (eonipsnnd signal C v ) only, the regions where bubbles are present are 

enhanced. 
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More generally, the seeoad jmagmg agpmaeh allows lor xxmsmmmg a primary 
imaging mmti and one or more: secondary imaging signals; receiving a 
c^m^onsdma plurality ^ttspm^^m the bubble respectively respiting fern 
the primary mid seeondarv imaging sinnak; generating an output signal eompnsing 

5 the dlfeence between the response to the primary mHifitig sip^la^d elite 
(!) the sum of the responses to the seoond&rj imagmg sigQ&ls* or 
fa) the sum of the espouse to a single secondary imaging £gxx&\ ana one or 
more time-shifted copies of the response to the single solidary imaging signal, 
the #m- : m^mmmMiy equal to. a time gap between the primary md 

1 0 second ary imaging signals . 



%a-m, v.^yw- iv.'V* SV.\ .fN- > (•N *' . . '* 
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A third inusai'na sonraadi records Mw-fteqaeBcy signals from the target or regsos 
of Interest m response to the excitatiao signals, t.e^ the response at the pulse 
mp^tkm frequency PRF* Although the epilation signal bums eontams 
15 frequency components equal to the PRF (see figure 4) the level h -30 <!B 
oompared to the hum centre frequency {-12 dBF This level might be suffideBtly 
low compared to babble transmitted levels ai the PKF. The response signals trem 
the Bubbles; are received ar>d processes at a rrequeacv eorresponamg to *$\r e , 

2.0 Many variatiosx in the techniques describe!! above oaay fee envisaged. 

The phase of successive excitation tests ear* be- varied. The phase: of the 
<mmw*& radial oscillation oeeumng at the bubble resoaam lyeqtjeney 

will be sensitive % the phase of the higb lreeueney exei tation signal For example, 

25 a hkh fmiuencT burst with a sigt dfleaat positive pressure cycle Ming will tend 
to Induce a oegative-geing first radkl exeursk^ m the babble, The opposite will 
mm % a negative pressure eycie. One phase modulation $&mm would be as 
toliows. The excitation signal sscfoeriee would cbf&tat of bursts thai are inverted 
copies of each other. For example* the first excitation burst would have aposidve- 

30 mm pressure at the start of the first cycle, and the seeond horst would have a 
^egative-goiug pressure at the start of its first eyele. To eoltauee resonarst 
behavvour in the bubble, instead of a pulse repetition rate equal to the resonant 
fl'equency v £> the pulse repetition rate will he 2 times This ensures that the 



.# 

* * * 

* 

* * * 
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stihttt&tafr- pf mmrm l^ertcy; r&Mhl excursions will be mm identical 
dlmclba. md shetelbrc be construes! v« so the bubble resonance. By jthase 
inverting alternate ruste the driving impulse for she radial excursions wHl be 
made m both the positive and negative pisjg cycles of the radial oscillations. 

* wenerai sense, the expression i 'sufficiemly elose so b to effect resonant 
behaviour in ibe .contmst agemy & ^pcc| #f 'thfe ex^«k^> peJse repeiiik$n 
tVfcXiuency encmr^?^ a fiequeney -of .2 ;/;wben s|>propnme ^ustmertfs to ■#**. 
pfee of the exchavioa pulse signals is env^a^d. 



The ^mpUtud^ of :mccm$ ive excitation ;hursis : can sfea.-'he varied. This enables 
expMtaiioa of the amplitude dependence 01 bubble response to the exeh&tioo 
&gtiftl bums, For example, asymmetric oscillations with more prom^unced 
compressiond excursions of the bubble radius may be induced- Both amplitude 
aad phase modulations may he used whMn mi excitation bfctsx: sequence Qtse 
15 example of this uses two alternating burst types, e&eb burst separated by 1 f 

Om burst has a high amplitude with a posmw pressure kadmg portion which, will 
tend \ o drive the bubble; into compression, aad & Ibilowed by a tower amplitude 
burst with negative pressure leadliig portion which will tend to drive the bubble 



into expansion. 



paging signal bursts need m be used at all where \i Is possible to obtain a 
squish* mpmsz from the eorttrast agent Simply from response te the excitation 
smoais bursts. 



Altfaaofeh the preset hrvention has been described generally in the context of 
mmm bubbles for contrast agent, it will be understood tfastt tbe m*matt&s are 
generally anp1icab]e : for any mmm w agent in whicb a resonant behaviour 
ears be bid need by the exeb&bon signals,, It will also be understood that gaseoas 
bubbles in use as - a contrast agent generally have a ..step; distbhution which results in 
m * ranee of values of £ Tor any given agent. It will be understood that fee 
techniques described here may be used to cover such a distribution of resonant 
frequencies. Bubbles having m resonant frequency close to, but net exactly at. the 
exultation pulse repetition frequency may exhibit the requisite resonant response. 

n 



* * * + * * 
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The excitation method generally ieseribed te applications Is mmiwm where 
bubble resonant fequencies are muelvlciwet than the imaging frequencies. 

5 One application is the imaging of conventional fce.g. current elmieally approved) 
mierobubble contrast agents with itlglifer frequences. Specific situations include 
mm mmvmmfor vlivrntind in clinical applications such as enhanced lumm 

■ ■ ■ ■ V'.'. ...... ... ... 

boundary delation, vass va^qrum imaging, targeted contrast agent de^c^on 
for faoJeettkr imaging. Another application is in exiraaorporeai ultras^imd 

10 bjomifidroscopy ^yst^ms • with ; : appUcaiti0^s for j^erfeion or molecular imaging in 
^a|m0fe^v. dermatoloev or ;>mall animal (e.g. mouse, rat and rabbit) imaging, 

A third application m carotid artery imaging, which would also include the ****** 

.......... .V 

detection and auantilleation of carotid vsss vasorunu A fAarth application would 
be prostate hsagmg, which may include microvascular detection, for the purposes: 

1 1 of detecting aiaanosing or therapeutic moo storing of tumours . 



20 



* 



Mon~eon trass agent applications are also envisioned, such as the detection and 
eharatierlsr-atiost of gaseous? mtero^embqlb The hntor application may for example 
he: implemented in the contest of transcranial ultrasound. 

As discussed above, the ;psnemi approach involves stimulating butehk oscniatiDus 
near uhe bubble resot^aut frequencies using ultrasound pulses composed primarily 
or exclusively of fte^uencies tar above, fie ibuhble resonant frequencies, 

25 One scenario tor this occurring is when a high frequency transmit transducer Is 
eaoabie odenuttma a small amount of energy at the bubble resonant frequency, 
TMs energy eas then be exploited with the descnbcd pulse sequences to contribute 
m stimuktmg bubble rcsonapt f equeney oscdlatknss. Such ao approach may be 
Possible to imoiemem m ultrasound systems with relatively simple signal 
30 generation architecture |? .e. those which do not show ior complex pulse sequences 
to he eeneratedl such as some intra vascular ultrasound systems. 
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A second scenario is when there iido transmitted energy at the babble resonant 
fte&uwv. Rather tr&mimt mcmmmm Mkmm m^Uml tiigh fteq^ncy 

T ■ • v ... ..... 

pulses eax> be ■■amplified through the use of ft specialised pixm §8qmm&$> ■« *S 
^eo&mmi that the rssukinfc fcmsiem bse illation at or «ar t'fas bubble- r»wi 
&ecntenev can he sensitive to the shape of the envelope and the fulm 
aharpcteri sties ma tha5 these cas he: pjaaiptdared QptimteM*® produce greater 
effects at the babble osciiSatiOB feeqosTicv.. This includes the specific shape, length 
and duration of the pulse envelopes, as well as the phase of the ulmmmi esntre 
frequence, Other excitation schemes pp? also considered, stteh as (hut not limited, 
tab h-eouenov xnodniation or sweepiae. Further, h is reeagni/M thai at sufficiently 
hip pressures, ultrasound pulses centred at pvcuencies wdl above the babble 
resonant freaweaev will produce asvainietrle oscilhhiofts (be, concessional radial 
excursions are more pronounced) and thai such asyiinnetries may he exploited to 
mntrlbuK to the bubble resonani frequency oscillations. 

A third scenario, relevant m molecular imaging or bobbles m mmll capularies, is 
when a buhhle adiaccm to a wall, is induced, through radiation ^s^u^ eSeas^M 
tmdetgo successive cycles of compression and rebound at the FRF, These bubble 
oseUkiiohs may involve shape cseillations (e ^ surface modes) ^na/or monopolar 
ovulations and/or iramlauonal oscillations, Such oscillations m$$ radiate? energy 
asvmmetricallv. These oscillations may .also occur when dense layers of imf&te& 
bubbles are present. These: resulting bubble pselliahcms its these shPatians may 
W&t from free hubbies, and these differences may be a means by which to 
differentiate free and hound bubbles. 

it is tseo enked that eombmalans t>f these meebaSiisms may be present and that the 
mmmv in wMeh lbs imaging technique is impletbemed niay varv depending on 
what em be ir*$msm£ »n a particular irhagiig system architecture or wheiher 
frse or targeted babbles are heirre imaged. 

Other embndi meats are intent i onall y within the scope of the accompanying ekims. 
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CLAIMS 



deploying ultrasound corm&Z agent Having a natural j?ssoM«os frequency 

v .\ jT ••■<> -yi V: < >■; t "5 "P ^ ^ *? oWli^^t ' 

irradiating the target abject, with an ultra^vrand exehation signal b&vmg a. 
signal centre ^t^u^^mudh higher than and eompriste a :seri#$ bursts at a 
pulse repetition fequency sufficiently close '.to/; -tp effect resonate MiaVioiirm the 
cojurasi agent: and 

10 obiamms a response from the contrast agent indicati ve of the resonant 



behaviour. 



2. The ntctfexl of claim 1 in which tlie exdtatfen signal bursts have a pulse 
repethtdn frequency less thaa or equal to 2,C 



3, T he method of claim 1 in which the exeitaiion signal comprises two or 
mos« successive bursts at die pulse repetition frequency, fblbwed by a mea$iin:ff 
interval neater than tlte interval determined by pulse repetition fjequeucy, 

.... v^- 

:•>(> 4 . The method of clam 3 la v&teh the step of ebtaiaHig a response comprises 
irradiMm^ the obieci with at least two imaging signal bursts during the measuring 
interval and receiving an echo response frern said imaging bursts. 



« * * * * 
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The method erf claim 5 in wbiel the step of a^aimng a response farther 
includes the step o! filtering out re^v^d signals at. the excitation signal centre 
frequency. 

4 in which the pulse repetition frequency of the at 
greater than the pulse repetmon frequency of the 

0>i.eitatk>n bursts. 



K The method of claim 
east twe ntufemp bursts h 
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8, Tte method of -claim ? in whkh iht poise repetition frequency of the at 
kpst two imaging bursts h at less* double the pulse repetition frequency of the 
excitation bums. 



9, The method of cMm 4 m whieh the imaging signal bursts are gyrated 
during a period ixnmt&mh folk) wing the cxdmtlp signal bursts and of duration 
eorresoordht£ to at least two e votes of the e^dmion &gmi pulse teperition 
trequeiK:}, 



ID. The method of claim 4 in which the imaging signal bmm comprise a 
primary signal burst and one or more secondary signal bursts, farther including tM 
step of receiving a corresponding plurality of responses irorn fee target object 
mspeoiivel>^resuHiBg fern the primary aod secondary signal b^rsfe and feneratmgi 
15 an onipnt signal comprising the dififercoce between the respome to the primary 
signal burst and either 

il) the sum of -he responses to the secondary signal bursts, or 
tii\ the sum of the respon se to a single secondary signal burst and one or more 
iime- shifted copies of the response to the single secondary signal feurst , the time 
20 shit! feeing sufestan dally e^ual to a time gap between the ptirnarv and secondary 



signal feorxts. 



s 



11, The method of elairs .1 in which fee step of obtaking a response comprise 
detecting received signals at a frequency corresponding to the puke ropodtma rate. 

12, The method of el aim I further including irradiaung the target object with a 
series of utao^d imaging bursts at least partially or wholly overlapping the 
series of exe itadon h ursts. 

30 13.. The method of dmm J m which the e^cimpoti sipial Bursts in a series of 
hursts w in phase, 



* * * 

* x- * * 
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R The method of -claim i m whim the 'c^mmm. npml bursts m & mzw$ oi 
hursts van hi 'ampliWi^ 



•1 



1$ 



App&mm ifbr nmkmg 0ltra^mn4 measurements m a larger object 



comprising: 

one or mom ttms&ums for transmitting uim^ounii. signals into. 
receiving corresponding response signals from, ixv: target object; 

a -signal- ffiwaior adapted to fi) generate an e^it&oon signal: having 
cenfre fteabeittfe ft. and ..fcant#isin£# scries, of bursts at a pulse repetition freqiiMcy 
FRFjp much thai? to initiate msonanr behaviour m m utimsoimi contrast 
mmt m the target object and (it) generate an imaging signal adapted for tbe 
deletion of resonance m the eontr&M agent at or near the frequency FRF,; am! 

a receiver for detecting the existence of rosmmms in the contrast agent at or * * % 

near the frequency PRF* 



17, The apparatus of cMm IS in which the signal generator is sdaptel to 
20 generate &&ki exdtaiioa signal comprising two m more successive hursts at the 
pulse repetition frequency, followed by a meaning interval greater Chan 1/FBiv.. 



|#, The app&rams of claim 17 in which the signal generator aaaptea to 
generate at least two imaging signal h\mt& during the t^oas^ri^ mi®w4* and the 
receiver is adapted to receive an echo response from said imaging bursts, 

19, The apparatus of claim 18 in which the x»agfeg^u^te-"fes»ye- a signal centre 
frequency different from the signal centre frequency -of the excitation bursts. 



m on The apparatus of claim \9, m which the receiver includes means tor imsrmg 
out rcceivesi stgrals at tfcte exatstioti signal mmm &eqmm^, fc. 



* . * 
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* * * 
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IS, The apparatus of claim 1 5 in which the imaging signal is generated in a 
period immediately ibl lowing said series hursts, * * * * * * 



X X & « 

* # x * 
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2L T&P a^waua of claim 18 in which the sigmi gme:.mu>r Is adapted to 
gmemte the alkali two imaging -hursts si a .pulse- repetition fec|umcy greater *h*B 
jhs?-.|nilH refx^ition ireq mncs PRE; of the exci^t Son hursts. 




5 the apparatus of claim 18 m wMcb the signal generator is adapted -o 
Hi mmmt! mumm sifi&al bursts -dicing said: msasuriagaats^ai of duration as least 2 



24 -The apparatus of claim 18 M which the signal generator is adapted to 
g^ngjaie innsgfeg .signs] lasrsts contprisiog a primary signal hurst am! one m mom 
15 secondary &griaf bursts, ami in which the receiver is. alapteii to .waiving a 
croewondlife nluralitv of respond from tfee mm object respectively resulting 
mnri the pi^araay and secondary signal bursts and generating: m output signal 
comariske the drfeence between the response to the primary signal burst and 
either 

20 $ I the sum of the responses to the secondar y si gnal bursts, or 

-Mi tfe smm of the response to a single secondary signal burst and one or mors 
imie-shified copies of ibe response to the single secondary signal bursi , the tune 
shift being substaniial!^ equal to a time gap between the pixsarf and secondary 

mm\ bursty 



25, Apparatus f$r making ukrasenmd meosorements on a largei object 
comprising: 

one or more transducers for inmsmmhig wtesouiid signals into, and 
receiving oojremoi>dmg romm^ signals fhm , tm target ohjec t ;■ 
30 a signal generator adapted to (i) generate an excitation signal having a 

kmmms il and conrnnsin^ a series of bursts ai a pulm repeuion frequency 1>RJV 
much less than ft to Mitkte resonam behaviour m m ultra so uad contrast agent in 
•he target, object, aad 

... ■ ■ ■ W ' *-- 
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a receive? im dm&dmg the c^stimm of resonance m the. co?itrast agent .s 



rmw the Ire^uency P RF 
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